Spasmodic dysphonia (SD) is a rare neurological disorder that emerges in middle age, is usually sporadic, and affects intrinsic laryngeal muscle control only during speech. Spasmodic bursts in particular laryngeal muscles disrupt voluntary control during vowel sounds in adductor SD and interfere with voice onset after voiceless consonants in abductor SD. Little is known about its origins; it is classified as a focal dystonia secondary to an unknown neurobiological mechanism that produces a chronic abnormality of laryngeal motor neuron regulation during speech. It develops primarily in females and does not interfere with breathing, crying, laughter, and shouting. Recent postmortem studies have implicated the accumulation of clusters in the parenchyma and perivascular regions with inflammatory changes in the brainstem in one to two cases. A few cases with single mutations in THAP1, a gene involved in transcription regulation, suggest that a weak genetic predisposition may contribute to mechanisms causing a nonprogressive abnormality in laryngeal motor neuron control for speech but not for vocal emotional expression. Research is needed to address the basic cellular and proteomic mechanisms that produce this disorder to provide intervention that could target the pathogenesis of the disorder rather than only providing temporary symptom relief.
Introduction
Persons affected with spasmodic dysphonia (SD) have involuntary spasms of certain laryngeal muscles that only occur during particular speech items (Shipp et al., 1985; Nash and Ludlow, 1996; Cyrus et al., 2001 ). In the adductor type, the vocal fold closing (adductor) muscles spasm, closing the vocal folds too tightly and cutting off the voice (Parnes et al., 1978) on words beginning with vowels or on vowels in the middle of words. This type affects at least 80% of persons with SD and disrupts sentences like, "we eat eggs every day" (Erickson, 2003) . The abductor type is rarer with uncontrolled spasms in the vocal fold opening (abductor) muscle resulting in breathy bursts when attempting to start voice after voiceless consonants such as /s/, /f/, /h/, /p/, /t/, and /k/ (Rodriquez et al., 1994) and disrupts sentences such as, "he had half a head of hair" (Rontal et al., 1991) . Rarely, both types occur in one person. Approximately one-third of persons with SD also have voice tremor (Schweinfurth et al., 2002) , which makes the pitch and loudness of the voice waver at 5 Hz during vowels and is most evident when "/a/" as in the word "all" is produced for at least 5 s (Schweinfurth et al., 2002) .
The disorder develops without warning or any clear antecedent events in middle age. Patients report common occurrences such as upper respiratory infections and stress before onset (Schweinfurth et al., 2002) . Usually, the voice disruptions gradually increase over several months then become consistent and remain chronic without further progression . Voice production becomes increasingly physically effortful, although no noticeable increase in severity usually occurs. The vast majority of those affected are female, with some estimates as high as 80% (Adler et al., 1997) . Spasmodic dysphonia is rare; some estimates are as low as 1 per 100,000 cases (Nutt et al., 1988) , although accurate diagnosis is a significant roadblock to research. Currently it is not clear whether the disorder has a genetic basis; most cases are sporadic, but case series report as high as 20% may have other forms of focal dystonia such as writer's cramp (Schweinfurth et al., 2002) . Only a very small proportion, generally Ͻ8%, report that other family members are affected with dystonia of any kind (Xiao et al., 2010) , and fewer still report having another family member with SD.
Possible disease mechanisms
One of the mysteries of this disorder it that it is task specific; it only occurs during speaking and does not affect emotional expression such as laughter, crying, and shouting (Bloch et al., 1985) . This feature was originally thought to suggest that the disorder was psychogenic but is now attributed to the difference between the mammalian vocalization system, which includes isolation cries, alarm calls, sex, and pain, and the human speech system (Fig. 1) . Mammalian vocalization can be triggered from the cingulate cortex and the periaquaductal gray to central pattern generators in the pons and brainstem (Jü-rgens, 2002a,b) . Such vocalizations can be environmentally modified but are not learned. In contrast, speech is learned, generative rather than imitative as humans can formulate novel sentences for communication, and integrates with the auditory and voluntary motor control systems (Vihman and de Boysson-Bardies, 1994; MacNeilage, 1998) (Fig. 1b) . Only the human has a direct corticobulbar pathway from the laryngeal cortex to the nucleus ambiguus (Kuypers, 1958) . Therefore, neural systems involved in learning speech are likely affected in SD (Fig. 1 B) , while those involved in emotional vocalization are not (Fig. 1 A) . To identify the neural abnormalities in SD, differences between these two neural systems (one for emotional vocalization and the other for speech) must account for symptoms being absent in the former and present in the latter.
The left perisylvian neural system for speech and language functions in the cerebral cortex involving the supramarginal gyrus, the arcuate fasciculus, the frontal opercular area, M1, and the internal capsule, has been examined in patients with SD using both structural and functional neuroimaging techniques (Haslinger et al., 2005; Ali et al., 2006; Simonyan et al., 2008; . The laryngeal muscles are bilaterally controlled from both hemispheres (Rödel et al., 2004) , making the system vulnerable to unilateral abnormalities interfering with bilateral control of the laryngeal muscles.
Using diffusion tensor imaging, fractional anisotropy was reduced in the genu region of the internal capsule on the right side with bilaterally increased diffusivity in the corticobulbar tract in SD patients compared with controls (Simonyan et al., 2008) . Other regions in the basal ganglia also showed group increases in water diffusivity in SD patients on structural imaging. Postmortem tissues from one patient with confirmed SD showed a loss of axonal density and myelin content in genu of the right internal capsule in comparison with postmortem tissues from unaffected controls. Hematoxylin and eosin-stained postmortem sections from the one case showed clusters of dark blue/black basophilic precipitates in the parenchyma and small-caliber vessels in the putamen, globus pallidus, and the posterior limb of the internal capsule in an SD patient, which were absent in three controls. These clusters were positive for calcium and phosphate with single scattered iron deposits. Replication in other postmortem samples from SD patients is needed. It is unclear whether the clusters represent a selflimited process leading to the accumulation of material in the parenchyma or are the result of a disease process that produced an accumulation of material in the parenchyma.
Reticular regions in the brainstem contain central pattern generators for vocal control that are likely activated by both speech and emotional vocalization (Jür-gens, 2002a) . Postmortem tissues from the brainstem of two SD cases, the one case described above and another with SD and voice tremor, were compared with controls . Small clusters of inflammation (involving microglia) were found in the reticular formation in both patients, but none were found in the controls in regions surrounding the solitary tract, spinal trigeminal, nucleus ambiguus, inferior olive, and pyramids. Mild neuronal degeneration and depigmentation were observed in the substantia nigra and locus coeruleus without abnormal protein accumulations, demyelination, or axonal degeneration. Given that brainstem mechanisms serve as the final common pathway for both speech and emotional vocalization, the inflammatory processes in the brainstem are unlikely to be the basis for the symptoms in SD as they would affect both speech and emotional vocalization. Perhaps the brainstem abnormalities serve as an interference with volitional laryngeal control during speech production because of the precise voice onset time requirements for speech sounds that are not required in emotional expression such as laughter and crying. Compensatory abnormalities may have developed in cortical control for speech production systems as the patient attempted to meet precise control demands for speech.
Functional neuroimaging techniques such as positron emission tomography and blood level oxygenation-dependent functional magnetic resonance imaging have been used to examine for differences in function in SD compared with controls (Haslinger et Illustration of the overlap and differences in the neural systems involved in emotional vocalization and in voice production for speech communication. A, A schematic diagram of the human emotional vocalization system, which includes the anterior cingulate (AC), the periaquaductal gray (PAG), and the reticular system (RS) in the medulla with input to the laryngeal motor neurons in the nucleus ambiguous, based on the work of Jürgens (2002a,b) in the squirrel monkey. B, A schematic diagram of the human voice for a speech system based on the study by Kuypers (1958) , transcranial magnetic stimulation (Rödel et al., 2004) , and functional neuroimaging (Schulz et al., 2005; Loucks et al., 2007; Chang et al., 2009; Simonyan et al., 2009) , and includes the laryngeal motor cortex (Lx), the direct corticobulbar tract to the motor neurons (CBT), the frontal opercular speech system (FOP), the primary motor cortex (M1), the supplementary motor area (SMA), the posterior superior temporal gyrus (pSTG), and the supramarginal gyrus (SMG).
production while speaking likely alters brain function in SD, brain differences between SD patients and controls while speaking are difficult to interpret. One approach is to examine brain function differences from controls when patients are asymptomatic to determine whether there are differences in brain function independent of symptom expression. This was done in SD after treatment with botulinum toxin injections into the laryngeal muscle to reduce the involuntary muscle spasms (Haslinger et al., 2005; Ali et al., 2006) ; however, voice production is not completely normal with treatment (Paniello et al., 2008) . The effects of botulinum toxin on the laryngeal muscle contractions cannot be assumed, however, to have altered only muscle spasms. There may be retrograde transport affecting input to the laryngeal motor neurons (Moreno-Ló pez et al., 1997; Antonucci et al., 2008) . In addition, as the muscle spasms are reduced not only in the laryngeal muscle injected but also in other laryngeal muscles on the opposite side of the larynx (Bielamowicz and Ludlow, 2000) , the sensory feedback from the larynx is altered by less mucosal compression and lower subglottal pressures in the trachea due to reduced hyperadduction during speech.
To identify which parts of the speech system are affected in SD, nonspeech tasks such as whimpering and coughing were compared between SD and controls (Simonyan and . Similar functional differences from controls occurred during whimpering and speech; activity in the somatosensory region was increased in the patients compared with controls and related to symptom severity. It is unclear whether brain function differences from controls are the result of the disorder rather than precursors to it.
Treatments for spasmodic dysphonia
Symptom reduction occurs when the kinetic output of the laryngeal muscles is reduced either by unilateral recurrent laryngeal nerve section (Dedo, 1976) , or by botulinum injections into the adductor muscles for adductor SD or the abductor muscle for abductor SD . Following nerve section, benefits occur until reinnervation takes place and symptoms return (Dedo, 1976; Aronson and DeSanto, 1981; Fritzell et al., 1982) . Further approaches were to avulse a long section of the recurrent nerve to prevent reinnervation (Netterville et al., 1991; Weed et al., 1996) or bilaterally section and reinnervate the nerve branch going to the thyroarytenoid muscle to the ansa cervicalis to prevent reinnervation by the recurrent laryngeal nerve (Berke et al., 1999; Chhetri et al., 2006) . In these treatments, a balance must be achieved between adequately reducing vocal fold hyperadduction while not producing aspiration during swallowing or aphonic speech (Salassa et al., 1982) .
These treatment approaches interfere with muscle action rather than blocking abnormal interneuron firing patterns in the laryngeal efferent pathway. As mentioned earlier, symptom reduction might be due to alterations in sensory feedback to the CNS (Bielamowicz and Ludlow, 2000) or retrograde transmission of botulinum toxin to modulate interneurons in the CNS affecting motor neuron firing (Moreno-Ló pez et al., 1997; Antonucci et al., 2008) . Clinically, after unilateral injections of botulinum toxin into the thyroarytenoid muscle in adductor SD, the numbers of spasms in the untreated muscles on the opposite side of the larynx were reduced (Bielamowicz and Ludlow, 2000) . Reduced muscle force in the larynx may reduce sensory feedback to the central pattern generators in the brainstem or the sensorimotor cortex. One study of SD patients before and after successful treatment with botulinum toxin injection found increased activity in the sensorimotor cortex in untreated SD patients, which normalized after treatment with botulinum toxin muscle injection (Ali et al., 2006) .
Disease mechanisms that need to be explored in SD
Functional neuroimaging studies are difficult to interpret in SD. However, some characteristics of the disorder suggest some potential neural bases for the disorder. First, onset is gradual after which the disorder becomes chronic, suggesting some adaptation processes are involved in the development of the pathophysiology. Although only the speech production system is involved, speech is normal during whispering in SD and symptoms are dramatically reduced after botulinum toxin injection, suggesting that the speech production system is not permanently altered as it can be normalized immediately with changes in laryngeal output. One interpretation could be that the increased cortical activation in the motor and sensory laryngeal cortices found on functional neuroimaging (Ali et al., 2006; ) may have developed in response to pathophysiology elsewhere in the neural laryngeal control system and might represent compensatory mechanisms responding to interference with laryngeal muscle control downstream. The neuropathology findings in the single postmortem case (Simonyan et al., 2008) may indicate abnormalities affecting either the internal capsule affecting the corticobulbar pathway, the basal ganglia, or feedback loops that modulate cortical control. Perturbation studies in normal speakers have demonstrated that speech gestures respond rapidly to online changes in both articulator position (Abbs and Gracco, 1984) and auditory feedback (Larson et al., 2000) within Ͻ100 ms when there is a mismatch between the expected and altered feedback. Further, the lack of symptoms during whispering when the vocal folds are not vibrating suggests that changes in laryngeal sensory feedback either from the vocal fold mucosa or subglottal pressures in the trachea may play a role in the pathophysiology of the disorder. One hypothesis, then, might be that the pathophysiology may involve sensory feedback from the laryngeal periphery affecting cortical physiology in SD. Further research on the role of laryngeal sensory feedback in the manipulation of symptoms needs to be performed.
The recent discovery of THAP (thanatos-associated protein) domain-containing apoptosis-associated protein 1 (THAP1) as being the basis for DYT6 dystonia Fuchs et al., 2009) has led to studies of THAP1 mutations in primary focal dystonias of early onset (Houlden et al., 2010) and late onset (Xiao et al., 2010) . Some studies have identified THAP1 mutations associated with generalized dystonia, which may first affect the larynx (Djarmati et al., 2009) , while one study has reported on SD adult onset that did not progress to a generalized form of dystonia (Xiao et al., 2010) . Possibly, a variety of mutations in THAP1 may play a role in the development of cervicocranial dystonias including SD (Ozelius and Bressman, 2010) . However, the role of THAP1 mutations in SD is somewhat limited; of 460 patients with SD screened for sequence variants in three exons of THAP1 only 5 (1%) had mutations in THAP1. The SD patients with THAP1 mutations who had adductor SD were female with a mean onset age of 57.8 years. Two had single amino acid substitutions (p.F132S and p.A166T). As SD is often confused with other voice disorders Roy et al., 2008) , further study in well documented SD patients with clear phenotype characterization is warranted.
The putative transcriptional dysregulation produced by THAP1 needs to be determined for each of the coding mutations identified thus far in the THAP1 gene, with nine coding mutations documented in one study on late-onset cases (Xiao et al., 2010) , and nine others in another study on earlyonset dystonia (Houlden et al., 2010) . The functional consequences of these mutations in the mature nervous system need to be determined, and the possible mechanisms of neuronal disruption that could lead to abnormalities in the control of motor-neuron firing need to be determined (Tamiya, 2009) .
The histopathology identified in the one postmortem case of spasmodic dysphonia raises questions about transcription dysregulation that could result in the accumulation of parenchymal clusters located close to the vessel walls (Simonyan et al., 2008) . Such material, if found in other cases, needs to be studied to determine the proteomic composition.
THAP1 models are limited to cell cycle pathways in humans, fish, and nematodes, and appear to be critical regulators of cell proliferation and cell cycle progression (Bessière et al., 2008) . THAP1 mutations need to be developed in mammalian models to examine the effects of these mutations on the mammalian laryngeal system. Attention should be given to selflimiting mechanisms for focal adult onset dystonias including SD. The mechanisms involved must differ from the neurodegenerative disorders such as Parkinson disease and amyotrophic lateral sclerosis. Because no clear pathological inclusions such as Lewy bodies have yet been identified in focal dystonia, pathologic confirmation of the disease is not available and thus far only symptomatology is available for diagnosis. Research on possible basic mechanisms is clearly needed, and additional postmortem tissue amenable to proteomic analysis is a necessary first step. The possible role of THAP1 mutations needs to be explored.
In conclusion, the level of knowledge of the pathologic mechanisms and the pathways involved in this and other focal dystonias is limited compared with progressive neurodegenerative disorders. As the disorder is not progressive yet results in a chronic disability, a different type of molecular mechanism is likely involved and needs to be determined.
